Loop quantum cosmology (LQC) predicts a nonsingular evolution of the universe through a bounce in the high energy region. We show that this is always true in tachyon matter LQC. Different from the classical FRW cosmology, the superinflation can appear in the tachyon matter LQC; furthermore, the inflation can be extended to the region where classical inflation stops. Using numerical method, we give an evolution picture of the tachyon field with an exponential potential in the context of LQC. It indicates that the quantum dynamical solutions have the attractor behavior as the classical solutions does. And, the whole evolution of the tachyon field is that: at the far past, the tachyon field, being in the contracting cosmology, is accelerated to climb up the potential hill with a negative velocity; and then, the tachyon field at the boundary is bounced into an expanding universe with positive velocity rolling down to the bottom of the potential.
I. INTRODUCTION
Quantum gravity is expected to rectify the classical general relativity in the regime of high curvature where the classical theory breaks down. Cosmology provides a stage to test this rectification, especially in the region near the big bang singularity. Loop quantum gravity (LQG) is a nonpertubative and background independent approach to quantize gravity [1] . The underlying geometry in LQG is discrete in Planck scale. Loop quantum cosmology (LQC) takes use of the framework developed from LQG to analyze the universe [2, 3] . In LQC, the spatial geometry is also discrete, and when approaching the Planck scale the universe is described by the difference equation which can go through the big bang point nonsingularly. Above the Planck scale the discreteness of the spatial geometry becomes weak, and the spacetime recovers continuum. But the dynamical equation (effective Hamiltonian constraint) gets modification from LQC both in gravitational part and matter part. This region is known as the semiclassical region in LQC [4] . In the semiclassical region, based on the modification from the inverse scale factor operator, many phenomena have been investigated, such as a natural inflation from quantum geometry [5] , avoidance of a big crunch in closed cosmology [6] , appearance of a cyclic universe [7] , a mass threshold of black hole [8] , etc.
Recent investigation shows that the big bang is replaced by a big bounce by evolving the semiclassical states backwards. And, the effective dynamics predicted by the effective Hamiltonian is shown to match very well with the evolution of the semiclassical state [9, 10] . In the effective Hamiltonian the Friedmann equation gets a quadratic density modification for the Hubble rate * Electronic address: jimhard@163.com † Author to whom correspondence should be addressed; Electronic address: zhujy@bnu.edu.cn H =ȧ/a, H 2 ∝ ρ (1 − ρ/ρ c ), which is relevant in the high energy regime [11] . But, this kind of modification is independent of the inverse volume modification. Based on the modified Friedman equation, some interesting results are obtained. For example, it leads to generic bounces when the energy density approaches a critical value ρ c (ρ c is about 0.82 times the Planck density) [11] ; the scaling solutions of the modified Friedmann equation have dual relationship with those in Randall-Sundrum cosmology [12] ; and, the future singularity can be avoided with the modified Friedmann equation [13] .
In cosmology, the tachyon field might be responsible for the cosmological inflation at early epochs and could contribute to some new form of cosmological dark matter at late times [14] . In the framework of LQC, based on the inverse volume modification in the matter part, the author of [15] has discussed the properties of the tachyon matter field. It is shown that there exists a super accelerated phase in the semiclassical region, and the solution of the modified Friedmann equation corresponds to the power law solution of the classical equation of the tachyon matter in the classical FRW cosmology. However, as shown in [12] , the quadratic density modification dominates over the inverse volume modification, and the latter can be suitably neglected when the value of the half-integer parameter j, which marked the inverse volume modification, is small. In [16] , we discuss the role of j for the effective dynamics, and it is shown that neglecting the inverse volume modification does not affect the behavior of the modified Friedmann equation qualitatively. Therefore, in this paper we shall investigate the behavior of the tachyon matter field in the context of LQC based on the ρ 2 modification, and neglect the inverse volume modification. It is expected that LQC will greatly change the behavior of the tachyon field in the high energy region, especially when the critical density ρ c is approached. We find that, for the tachyon matter cosmology, there exists the superaccelerated phase in the region 1 2 ρ c < ρ < ρ c as the usual scalar field in LQC [12] , and the inflationary e-folding can be increased due to the LQC modification. It is difficult to obtain the exact solutions for the modified Friedman equation and the Hamiltonian equations for the tachyon matter, therefore we analyze the evolution of the tachyon field in LQC by the numerical method. The numerical results show that the evolution of the tachyon matter LQC behaves very differently than in FRW cosmology.
In this paper we only treat the tachyon field as a scalar field with a nonstandard kinetic term, without claiming any identification of the tachyon field with the string tachyon field. This paper is organized as follows. In Sec. II, we will introduce the tachyon field into the effective theory of LQC and present the state parameter equation in the modified Friedmann equation. Then in Sec. III, the numerical method is used to study the evolution of the tachyon field with an exponential potential in LQC. Finally, Sec. IV is the conclusion.
II. TACHYON MATTER IN LOOP QUANTUM COSMOLOGY
In this section, we will first introduce the tachyon field in the FRW cosmology, then the Hamiltonian formulation of the tachyon field can be put in the context of LQC where the dynamics is described by the effective Hamiltonian.
According to Sen[14] , in a spatially flat FRW cosmology the Hamiltonian for the tachyon field can be written as
where Π φ is the conjugate momentum for the tachyon field φ, V (φ) is the potential term for the tachyon field and a is the FRW scale factor. Here, we start with the Hamiltonian formulation but not the Lagrangian form, because LQC takes the canonical quantization procedure where the dynamical law is described by the Hamiltonian constraint. Now the Hamiltonian equations are given bẏ
where the prime denotes dV (φ) /dφ. From Eq. (2) one can also obtain the conjugate momentum as
which is just the definition of the conjugate momentum for the tachyon field in the Lagrangian formulation.
Using the Hamiltonian equations, one can get the evolution equation of the tachyon field as
where H =ȧ/a is the Hubble parameter.
In the Hamiltonian formulation, one can not identify the matter density and pressure for the tachyon field in the usual way by varying the action of the tachyon field with respect to the spacetime metric. However, one can define the energy density and the pressure as [17] 
Using the Eq. (4) one can find that the expressions of the matter density and pressure obtained from the above definition are the same as those in the Lagrangian formulation: they are
Next, we will introduce the tachyon field in the context of LQC, and focus on the semiclassical region of LQC, where the evolution of the universe is described by the effective Hamiltonian constraint and the spacetime recovers the continuum.
LQG is a canonical quantization of gravity. In LQG the phase space of the classical general relativity is expressed in terms of SU(2) connection A i a and densitized triads E a i . In the homogeneous and isotropic cosmology, the symmetry of spacetime reduces the phase space of infinite freedom degrees to finite ones. Thus, in LQC the classical phase space consists of the conjugate variables of the connection c and triad p which satisfy Poisson bracket {c, p} = 1 3 γκ, where κ = 8πG (G is the gravitational constant) and γ is the Barbero-Immirzi parameter which is fixed to be γ ≈ 0.2375 by the black hole thermodynamics. For the flat model, the new variables have the relations with the metric components of the FRW cosmology as
where a is the FRW scale factor. In terms of the connection and triad, the classical Hamiltonian constraint is given by [3] 
For quantization in LQC, the elementary variables are the triads and holonomies of connection along an edge which is defined as h i (µ) = cos (µc/2) + 2 sin (µc/2) τ i , where µ is the length of the ith edge with respect to the fiducial metric and τ i is related to Pauli matrices as
There is no quantum operator corresponding to the connection c, but the holonomies and the triads have well defined quantum operators such that for quantization the Hamiltonian constraint must be reformulated as the elementary variables, i.e., the holonomies and triad. So, the Hamiltonian constraint operator can be obtained by promoting the holonomies and triad to the corresponding operators. The underlying geometry in LQC is discrete, and the quantum Hamiltonian constraint incorporating this discreteness can evolve through the big bang point nonsingularly.
In order to systematically answer some long standing questions, such as whether the cosmology can evolve through the classical singular point, etc. The semiclassical state is constructed in [9] , and evolving the semiclassical state backward in the expanding universe reveals that near the singularity the universe bounces into a contracting branch. It also shows that the quantum feature of the universe can be well described by the effective theory which predicted a quadratic matter density correction for the modified Friedmann equation. For the effective theory, the region is above the Planck scale where the spacetime recovers the continuum, and the dynamical equation takes the usual differential form.
The effective Hamiltonian constraint is given by [9, 10] 
whereμ is related to the physical area of the square loop over which the holonomies are computed, and the area is µ 2 p = αℓ 2 P l (α is order one and ℓ P l = √ G , where is the reduced Planck constant) fixed by the minimal area in LQG. Here, the matter Hamiltonian H M is expressed by the tachyon field H φ given by the equation (1) . Using the Hamiltonian constraint (10) one can get the Hamiltonian equationṗ
Squaring the above equation and substitution of the vanishing Hamiltonian constraint H ef f ≈ 0, the modified Friedmann equation can be obtained as
where
. Here, the matter density follows the definition in the Eq. (7). As analyzed in [11] , the modified Friedmann equation predicts a nonsingular bounce when the matter density approaches the critical value ρ c .
In the context of the effective Hamiltonian, the Hamiltonian equations of the tachyon field behave as its classical ones, so the energy conservative equation is still satisfied asρ
Differentiating the modified Friedmann equation with respect to time, then substitution of the conservative Eq. (13) we get
From the above equation we know that when the energy density is in the range: 1 2 ρ c < ρ < ρ c ,Ḣ is always greater than zero. This implies that there exists a superinflation phase for the tachyon matter cosmology. Here, the quantum geometry modification is incorporated, which is different from the inverse volume modification where the superinflation depends on the quantization ambiguity parameter j [15] .
As in [11] we can analyze the bounce behavior of the tachyon matter cosmology. Whether a bounce or recollapse happens depends on the sign ofp |ṗ =0 . Differentiating the Eq. (11) with respect to the time and using the Hamiltonian equation aboutċ given by the Hamiltonian constraint (10), one can geẗ
where the second line uses the definition of the pressure. For the tachyon field the state parameter equation is ω = P φ ρ φ = − 1 −φ 2 , so the above equation can be rewritten asä
Therefore, in the context of LQC for the tachyon matter cosmology, a bounce always exists by which a singularity can be avoided. Now, we can obtain the modified Raychaudhuri equation as a a
Comparing with the classical Friedmann and Raychaudhuri equation the effective matter density and pressure can be identified as
then the modified Raychaudhuri equation can be rewritten asä
It is easily checked that the effective matter density and pressure still satisfies the conservative equatioṅ
For ρ φ ≪ ρ c , one can get ρ ef f ∼ ρ φ and P ef f ∼ P φ , thenä
It means that in the case of ρ φ ≪ ρ c the Raychaudhuri equation behave as classically as the modified Friedmann equation and the quantum effect can be neglected. For ρ φ → ρ c (high energy density region, the critical density ρ c is on the order of Planck density), the modification from the quantum geometry dominates such that the classical singularity is replace by a bounce. At at the bounce point, ρ ef f ∼ 0 and P ef f ∼ −ρ c , so a superinflation happens after the bounce. In the superinflation period the effective matter density is increasing with the expansion of the universe until the matter density attains the maximum value 1 2 ρ c , then the superinflation phase ends. In the classical tachyon matter cosmology the evolution of the tachyon field can not cross the ω = −1, so the superinflation of tachyon matter in LQC purely comes from the effect of the quantum geometry.
Furthermore, for the modified Raychaudhuri equation the inflation stops when the right hand side of the Eq. at the inflection point the state parameter, then ρ φ = 0. This means that for the case of ω = − 1 3 the end of the inflation needs matter density ρ φ = 0. However, really for tachyon matter field, ω = − 1 3 ⇒ ρ φ = −3P φ > 0. So, for the tachyon matter field , classically the inflation ends when the state parameter ω = − 1 3 , however, in the context of LQC, the inflation phase can extend to the region where the classical inflation stops. Compared with the classical case, with the quantum geometry modification the superinflation and extended inflation region can increase the e-folding of tachyon matter cosmology.
III. EVOLUTION OF TACHYON FIELD WITH AN EXPONENTIAL POTENTIAL IN LQC
In this section, we will investigate the evolution of the tachyon field in the context of LQC. It is difficult to obtain the analytic solution for the modified Friedmann equation, so we will use numerical method to tackle this issue. In the space of solutions for the tachyon field with an exponential potential, the inflation attractor has been discussed [18] . From the above analysis we know that the inflation of the tachyon field is independent of any initial condition purely coming from the quantum geometry effect. It is expected that the inflation attractor still can be kept for the effective dynamics. Using the numerical analysis of the evolution of the tachyon field we find that it is true and different from the classical FRW cosmology.
The inflationary attractor appears both in the expanding and contracting cosmology in the context of LQC. Next, we should show these results.
Because of the Hamiltonian constraint, the four dimensional dynamical phase space (c (t) , p (t) , φ (t) ,φ (t)) reduces to three dimensional. Here, we will show the two dimensional phase portrait consisting of φ andφ. As shown in [11] , for the evolution of the tachyon matter cosmology the bounce is a critical point which connects the expanding and contracting branches. The cosmology evolving forward at the bounce instant enters the expanding branch. Conversely it is in the contracting branch. Now, substituting the modified Friedmann equation (12) into the conservative equation (13), and using the expressions of the energy density and the pressure (7), one can obtain the dynamical equation of the tachyon matter field φ
where prime denotes d dφ . Here, the " −" sign describes the expanding branch of the tachyon field, the " +" sign expresses the contracting branch. Here the potential for the tachyon field is taken as [19] V (φ) = V 0 exp (−αφ) , where V 0 is positive constant and α is the tachyon mass.
For the tachyon matter cosmology the bounce occurs at the matter density ρ = ρ c , i.e.,
The critical density constraints the boundary for the evolution of the tachyon field which lies in the band given by the Eq. (24). For the tachyon density, the different values of the constant V 0 and the mass α only give out the different locations of the boundary in the phase space. The qualitative properties of the evolution can not be changed by the different values of the parameter V 0 and α. In our numerical calculation we take the constant V 0 = 0.82 and the mass α = 0.5. For the boundary ρ = ρ c , φ is in the region [0, ∞]. Figure.1 shows the expanding branch of the tachyon cosmology. The phase space trajectories obtained from the LQC dynamics denote by solid lines and the classical trajectories given by the Eq. (5) correspond to the dash lines. The Fig.1 indicates that for different values of φ andφ on the boundary with the rolling of the tachyon field the quantum trajectories approach the same line. This implies that the quantum dynamics does not affect the attractor of the solutions as the classical solutions analyzed in [18] . Figure. 1 also shows the attractor behaviors of the classical solutions. With the tachyon field rolling down to larger value of φ, the quantum and classical attractors close to each other and merge. Near the boundary, it is in the high energy region where the quantum effect is notable, and the classical trajectories deviate from the quantum ones. The classical trajectories can evolve out of the boundary towards a singularity. However on the boundary the quantum trajectories are bounced into the contracting cosmology. The complete evolution of the quantum trajectories are shown in the Fig.2 . Figure.2 shows the complete evolution of the tachyon field in LQC. In general, for an inflationary tachyon matter field with an exponential potential, only the first quadrant of the phase space is used, other quadrants are useless. However in LQC, for the phase space of the tachyon field, the first quadrant describes an expanding cosmology with inflation in the high energy region, and the fourth quadrant gives out a contracting cosmology which also has the attractor behavior on the space of solutions. The bounce occurs on the boundary which connects the two branches. Figure. 2 tells us that: for the expanding branch, with the evolution of the tachyon field, the evolution velocityφ tends to 1 and the filed φ increases to ∞; for the contracting branch, with the evolution at of the tachyon field to the large value, the evolution velocityφ approaches −1. With the increasing field φ, the potential of the tachyon field monotonously decreases and the tachyon field rolls down toward the minimum of the potential. So, the whole evolution of the tachyon field is that: at the far past, the field, being in the contracting branch, with a negative velocity −1 is accelerated climbing up the potential hill; and then, the field is bounced into an expanding universe with positive velocity rolling down to the bottom of the potential.
The maximum of the exponential potential is determined by the minimal value of the field φ not corresponding to the bounce point. In the phase space, the maximum of the potential is at the velocityφ = 0, where the field φ takes the minimum value. This is easily understood because a negativeφ always decreases the value of φ leading to an increasing exponential potential and conversely a positive velocity decreases the potential. So the maximum potential lies atφ = 0. Figure.3 shows the rolling of the tachyon field for the potential with the parameter time t where t = 0 is set corresponding to the bounce point. In LQC, the tachyon field does not monotonously rolls down to the bottom of the potential as the classical tachyon field dose, but it is driven to climb up the potential hill, and then rolls down to the minimum of the potential. The sketch of the potential for tachyon field with respect to the evolution time is shown in Fig.3 . Here, the solid lines and dash lines denote, respectively, the expanding branch and the contracting branch. And, the bounce occurs on the boundary which connects the two branches.
Furthermore, in LQC, we can say that a negative velocity of the field helps the tachyon field climb up the potential hill and a positive velocity makes the tachyon rolls down to the bottom of the potential.
IV. CONCLUSION
In this paper we discuss the tachyon field in the context of LQC. LQC essentially incorporates the discrete quantum geometry effect. So, in the high energy region (approaching the critical density ρ c ), LQC greatly modifies the classical FRW cosmology and predicts a nonsingular bounce at the critical density ρ = ρ c . We show that this always is true in the tachyon matter LQC. For the tachyon matter LQC, a superinflation can appear in the region 1 2 ρ c < ρ < ρ c . This superinflation phase purely comes from the quantum effect. In FRW cosmology, the state parameter equation ω of the tachyon field belongs to [−1, 0], so the superinflation phase is lack. In order to intimately compare with the classical FRW equation, it is helpful to identify the effective density ρ ef f and the pressure P ef f based on the modified Friedmann equation. We find that the effective density and the pressure still satisfy the energy conservative equation. Furthermore, the modified Raychaudhuri equation described by the effective density and the pressure implies that the inflation phase can be extended to the region where the classical inflation stops. Therefore, in the tachyon matter LQC the inflationary e-folding can be increased compared with the tachyon field in FRW cosmology.
The next issue what we investigate is the evolution of the tachyon field with an exponential potential. Using numerical method we find that as in FRW cosmology the solutions of the tachyon field still keep the attractor behavior in LQC, and with the evolution of tachyon field all the quantum and classical trajectories approach each other and merge. At the high energy region (approaching the critical density), the classical trajectories deviate from the quantum ones. And evolving the tachyon field backward on the boundary the tachyon matter cosmology is bounced into an contracting branch. In the phase space, the first quadrant describes the expanding branch, and the fourth quadrant expresses the contracting branch. So, the evolution picture of the tachyon field in LQC is that: at the far past, the field, being in the contracting branch, with a negative velocity −1 is accelerated to climb up the potential hill; and then, the field is bounced into an expanding universe with positive velocity rolling down to the bottom of the potential. What's more, the maximum potential attains when the rolling velocity of the tachyon field is equal to zero.
We analyze the evolution of tachyon field with the exponential potential in the context of LQC, and obviously, any other choice of potential can be investigated by the same way in this paper. In fact, one may also study cosmological consequences of tachyon matter field in the context of the string theory. But as Kofman and Linde emphasized in [20] , some problems with tachyon field are faced, such as the difficulty to obtain the inflation and the failure of reheating, etc. LQC can naturally predict an inflation phase and extend the physical phase space of the tachyon field to the fourth quadrant. We hope that this work can shed light on dealing with some problems of the tachyon field.
